Abstract. Suspended paniculate matter (seston) and dissolved organic carbon (DOC) were studied along a 6.4-km section of a southern Appalachian headwater stream from July 1978 to August 1979. Samples were collected at six sites encompassing stream orders 1-4 and a 635 m elevation change. Nonstorm concentration of particulate organic matter (POM) measured as ash-free dry mass (AFDM) ranged from 0.53-3.68 mg/L during the study. No significant changes in seston concentration occurred from upstream to downstream sites, and only one site had concentrations significantly different from the others. Significant seasonal trends in seston concentrations existed over all stations, and these were associated with corresponding hydrograph changes. During the first storm following leaf-fall both seston concentration (AFDM 22.5 mg/L) and particle size in transport increased. Nonstorm DOC/particulate organic carbon (0.45 x POM) ratios average =1. DOC concentrations (mg/L) increased over the first 2 km of stream but remained relatively constant farther downstream. The increase was largely due to high molecular mass fractions. Seven size classes of seston were measured, and discriminant analysis was used to assess longitudinal changes in particle size distribution. The largest and two smallest size classes increased in relative abundance downstream while the four intermediate classes decreased. Although the mean particle size decreased downstream, the ratio of coarse particulate organic matter (CPOM)/fine particulate organic matter (FPOM) increased downstream. We suggest that CPOM/FPOM ratios do not necessarily reflect downstream reductions in mean particle size. CPOM/FPOM ratios and downstream changes in mean particle size should be viewed as separate phenomena. The ratio of benthic CPOM/suspended CPOM decreases downstream, which is apparently attributable to the lack of retention devices in higher order streams. Food quality available to collector organisms, as indicated by adenosine triphosphate (ATP) measurements, was highest in the two smallest (0.45-43 /^m) seston size classes. No apparent relationship existed between ATP and percent organic matter in the various seston size classes.
INTRODUCTION
1978)j or lake outflow streams (e.g., Maciolek and Small headwater streams in temperate forested re-Tunzi 1968 , Oswood 1979 . gions receive large inputs of allochthonous organic It has been hypothesized that mean seston particle matter (Fisher and Likens 1973, Webster and Patten size decreases as stream order increases, and this 1979). Much of this input is largely in the form of should be reflected in lower CPOM/FPOM ratios coarse particulate organic matter (CPOM, >1 mm) (Vannote et al. 1980) . The export of FPOM provides consisting of autumn-shed leaves and wood. Head-an energy source for downstream fauna, especially water streams retain a large portion of their CPOM those which feed on FPOM deposits or filter suspendinputs and export primarily fine particulate organic ed FPOM (Short and Maslin 1977, Anderson and Sematter (FPOM, <1 mm) (Webster and Patten 1979 , dell 1979 , Wallace and Merritt 1980 . Animal com- Naiman and Sedell 1979a) . Organic seston in streams munities distributed along the river continuum have can originate by many pathways which include: com-been hypothesized to be structured to process mateminution and egestion by invertebrates; physical abra-rials that may differ in particle size and thus minimize sion; microbial activity; inputs of FPOM from terres-variance in ecosystem structure and function (Vannote trial runoff; and flocculation of dissolved organic etal. 1980) . Many filter-feeding insects have somewhat matter (DOM) . Autoch-size-specific capture mechanisms (e.g., Wallace and thonous primary production can make very significant Merritt 1980), and downstream changes in seston parcontributions to particulate organic seston in non-tide size have been suggested as one factor influencing woodland streams and larger streams with open can-the distribution of some net-spinning caddisflies which opies (e.g., Liaw and MacCrimmon 1977 , Minshall have somewhat size-specific catchnets for various larval instars and species (Georgian and Wallace 1981) . 'Manuscript received 3 April 1981; revised 25 August Many seston studies have limited their measure-1981; accepted 27 August 1981. ments to two size classes, coarse (>1 mm) and fine (<1 mm), and most studies have shown that the great majority of particulate organic matter (POM) in stream transport is <1 mm. Sedell et al. (1978) and Naiman and Sedell (I979a) found =80% of the POM, by mass, was <53 /u,m, and Cudney and Wallace (1980) found that =83% of the POM in the Savannah River was <25 /tin. Longitudinal changes in particle size have apparently not been detected (Sedell et al. 1978, Naiman and Sedell 1979a) . This may be due to the failure to subdivide FPOM into smaller size classes. This work was part of a larger study of filter-feeding invertebrates along altitudinal gradients in a southern Appalachian stream. Data reported here were obtained with the following objectives: (1) quantify seasonal and longitudinal seston availability to filter feeders. (2) Examine the hypothesis that particle sizes of organic seston are smaller in downstream reaches as a result of physical and biological processing. (3) Examine the hypothesis that dissolved organic carbon (DOC) concentration increases downstream due to accumulation of refractory carbon. (4) Examine the relationship between CPOM storage vs. CPOM transport in streams of different orders. (5) Assess potential food quality in various seston size classes, as indicated by ATP content and percent organic matter. (6) Compare and contrast results for this stream with those of other studies.
STUDY SITE Dryman Fork Creek is located in the Appalachian
Mountains in Macon County, North Carolina, USA (latitude 36°3'N, longitude 86°25'W) and is part of the headwaters of Coweeta Creek. The headwaters (=58% of the 865-ha drainage basin) lie within the confines of the Coweeta Hydrologic Laboratory of the United States Forest Service. The portion of the basin within the Coweeta Laboratory is dominated by mixed oakhickory forest. Although a small amount of selective logging was conducted on the Dryman Fork basin in the early 1920's, most of the area remains in a pristine state, and no weirs have been constructed. Along the stream margins cove hardwoods such as yellow poplar (Liriodendron tulipifera L.), red oak (Quercus rubra L.), hickory (Garya spp.), and hemlock (Tsuga canadensis (L.) Carr.) predominate. Rhododendron maximum L. and mountain laurel (Kalmia latifolia L.) form a dense understory and shade much of the upper 5 km of stream channel. Topography is steep and rugged with a dendritic drainage pattern. The lower portion of the stream flows through a small mountain valley and is largely in private ownership. Land use here consists of forest, pasture, and a small amount of row crops and gardens. However, throughout the lower reaches the stream is bordered by a dense growth of deciduous trees and shrubs, primarily Alnus serrulata (L.).
Within a distance of 6.4 km the elevation of the stream drops 635 m, from a headwater spring seep (station A, 1245 m) to a fourth-order stream (station F, 610 m) (Fig. 1) . The average annual precipitation is high (203 cm), with March being the wettest month (19 cm) and October the driest (12 cm). During the 14-mo study period total precipitation was 230 cm, and was highest in March (27.9 cm) and lowest in October (0.9 cm). Stream flow is highest and most variable in late winter and lowest and most stable in the autumn. Concentrations of most ions in Coweeta streamwater are usually low (<1 mg/L). Nitrate concentrations (as N) on undisturbed watersheds average 0.003 mg/L phosphates (as P) 0.001-0.002 mg/L and pH is normally 6.6-6.8 (Swank and Douglass 1975) .
Six sampling stations, encompassing stream orders 1-4, were established along Dryman Fork ( Fig. 1 and Table 1 ). Station A is =50 m below a spring source. Here the stream is bordered by oak-hickory forest and receives large inputs of autumn-shed leaves and wood. The substrate at station A consists primarily of large cobble, gravel, and boulder intermixed with woody litter. Station B, a second-order stream, is bordered by dense deciduous forest and is heavily shaded by a dense rhododendron understory. The substrate at station B is composed of cobble, pebble, and sand intermixed with large woody debris. Station C, third-order, also is bordered by dense deciduous forest and heavily shaded by rhododendron and laurel. The stream channel is deeply incised, and substrate consists primarily of bedrock and large boulders, along with large cobble. Large woody debris and boulders form many retention devices for POM in this rather high-gradient section (Table 1) . Station D is a fourth-order stream, and although its gradient is low, it has some very large boulders intermixed with cobble. Extensive sedimentation of sand and fine detritus occurs in certain areas between the large boulders. The stream is wide (5.5 m) at this point and the rhododendron understory is much more open at this location than at either stations B or C. Between stations D and E, =4-4.5 km from the source, Dryman Fork flows through a deeply incised valley with several waterfalls, some approaching 10 m in height. Abundant large woody debris and large boulders form numerous retention devices in this section from station D to about 4.5 km (Fig. 1) . Station E substrate consists primarily of boulder, large cobble, and pebble. The stream is shaded by rhododendron and deciduous hardwoods. There are few retention devices in this section (4.5-6.4 km, Fig. 1 , Table 1) other than the boulder-cobble substrate. In the lower gradient section between stations E and F the stream channel meanders gently. Most substrate consists of cobble with little boulder; however, sand and gravel predominate in deeper areas near the concave banks. Substrate at station F consists primarily of cobble (80%) and boulder (10%); the remaining substrate is evenly distributed between pebble, gravel, and sand. There are few retention devices between stations E and F other than stoney substrates (Table 1) .
MATERIALS AND METHODS

Seston sample collection
Intensive seasonal seston samples were collected over six 2-4 d periods. Sampling dates were: 10-12 July 1978; 11-14 September 1978; 10-13 December 1978; 18-20 March 1979; 5-6 June 1979; and 1-2 August 1979 . Each station was sampled concurrently within 1.5 h of all other stations, and all sampling was conducted between 0700 and 1900. Between four and seven samples were collected per station during each seasonal sampling period. Data presented in this paper are based on a total of 229 samples. All samples were collected during either stable flow nonstorm periods or on falling hydrographs following storms. These sampling periods normally represent times of low or average seston concentrations (e.g., Webster et al. 1979) ; thus nonstorm data presented here probably represent low mean annual seston concentrations for Dryman Fork. In addition to the above samples, a series of storm flow samples were collected at station F during the first major storm after leaf fall, 17-18 November 1978.
Larger size classes of particulate material were sampled with nets. Samples at station A were collected at a culvert by positioning a drift net (mesh opening = 230 jam) under the outflow, filtering the entire flow. Samples at stations B-F were collected with Miller high-speed plankton tow nets (mesh opening = 230 ju-m) which were equipped with propeller-type flow meters to measure water velocity passing through the nets. The Miller nets were positioned 5-8 cm below the surface of the stream for 5-10 min at each station, and the volume of water filtered was calculated using the net opening area, velocity of water passing through the net, and time. Individual 22-L carboys of stream water were collected concurrently at each station for analysis of finer particulates. Samples were returned to the laboratory on site and processed immediately. Analysis was conducted using a wet filtration system identical to that of Gurtz et al. (1980) . Net samples were resuspended and filtered with suction through a series of stainless steel screens into the following size classes: Coarse (C), >5 mm; Large (L), 0.864-5 mm; and Medium large (ML), 234-863 /am. A known volume of water from the carboy samples was used for the separation of smaller materials (<234 ju,m) into the following size classes: Small (S), 105-233 /u,m; Fine (F), 43-104 /j,m; and Very fine (VF), 25^2 /am. Throughout the study we avoided obtaining large amounts of debris on filters which might clog screens and alter particle size distributions. Material collected on screens was removed by washing with prefiltered water and collected on pre-ashed and weighed Gelman A/E glass fiber filters (effective pore size = -0.45 /urn). Aliquots (1-4 L) of the filtrate passing through the VF screen were filtered through a glass fiber filter to obtain the Ultrafine (UF) size class (0.45-24 /j.m). All samples were oven dried (24 h at 50°C), desiccated, weighed, ashed (20 min at 500°C), rewetted with distilled/deionized water, redried, desiccated, and weighed. The masses obtained provided organic seston (ash-free dry mass, AFDM) and inorganic seston (ash).
Dissolved organic carbon (DOC) sample collection
Water samples for dissolved organic carbon (DOC) analysis were collected at stations A-F and at the spring seep above station A in September 1978 and March, June, August, and October 1979. Samples were filtered through pre-ashed Gelman A/E glass fiber filters and analyzed using an Envirotech DC 54 Carbon Analyzer (Dohrmann, Santa Clara, California, USA). In March, August, and October 1979, samples were partitioned into high and low molecular mass classes by ultrafiltration through Amicon UM 10 filters which were soaked and rinsed prior to use (Schindler and Alberts 1974) . The UM 10 filters (pore size 2.8 nm) have a nominal 10000 molecular mass cutoff.
ATP and total adenylates
In March and August 1979 one set of seston samples was collected at each station, filtered using the above procedures, and analyzed for adenosine triphosphate (ATP) and total adenylate (AXP) content, using the methods described by Karl and Holm-Hansen (1978) . Seston concentration was assumed to be the same as the mean of the other samples on that date. Immediately after particle size separation by wet filtration, adenylates were extracted with boiling Tris buffer (5 min) and then immediately frozen. Duplicate determinations of ATP, ADP, and AMP were made from each extract. ATP and AXP were both measured since ATP may be rapidly hydrolyzed to ADP or AMP during sample collection and extraction. Our estimates of adenylate content may be low because no corrections for fulvic acid interference were applied (Cunningham and Wetzel 1978) . However, there was little evidence of color suggesting the presence of fulvic acids in the extracts.
Discharge measurements
Periodic discharge measurements were made at each station, and these were regressed against gauged recordings of Watershed 14 of the Coweeta Hydrologic Laboratory, which drains a 61.1-ha basin adjacent to the Dryman Fork basin. All regressions were highly significant (P < .01, r 2 g .93), and resultant regression equations were used to calculate mean daily discharge for each Dryman Fork station. These discharge data were used to calculate mean annual stream power for each station using the formula ft = (Q (1) where O = stream power (kilograms per second), Q = discharge (cubic metres per second), g = percent slope, and d = density of water (1000 kilograms per cubic metre). This formula represents the rate of doing work, or power of a stream (Leopold et al. 1964 , Sedell et al. 1978 . Percent slope at each station was calculated using altimeter readings taken at each seston sampling site and 100 m upstream.
Benthic CPOM
At each station a length of stream was delineated in 5-m intervals, and locations of benthic samples were determined using randomly chosen coordinates. Four or five semimonthly 0.107-m 2 samples were collected during the summer at stations A and B, and monthly samples during the other seasons. At stations C-F the sampling schedule was similar, but a larger sampling device (0.25 m 2 ) was used (Ross and Wallace 1981) . The mesh size of the net of each device was =230 /am.
In the laboratory, material >5 mm was sieved, oven dried (50° for 24 h), desiccated, weighed, ashed (=500°), desiccated, and weighed, measuring ash-free dry mass of CPOM. Benthic CPOM values represent minimal values, especially for stations A, B, and C, since large woody material (>10 cm) was not sampled adequately by our methods.
Mean benthic CPOM/suspended CPOM ratios were calculated for each station using the formula
The mean depth should give a rough estimate of the amount of stream water in contact with the substrate. We do not have enough measurements taken at all discharges to estimate mean depth accurately. Therefore we have used relative depth, with station F, the deepest, = 1.0, E = 0.88, D = 0.63, C = 0.73, B = 0.16, and A = 0.06. Ideally we feel that this ratio should also incorporate some roughness index such as Manning's n (Chow 1959 ) which includes channel obstructions. However, attempts to estimate n in the small, rocky, detritus-laden upper reaches of Dryman Fork were futile.
Statistical analysis
Multivariate analysis of covariance (MANCOVA) with time as the covariate (Green 1974 ) was used to test for differences among the six stations in total concentrations (milligrams per litre) of organic and inorganic seston. Univariate analysis of covariance (AN-COVA) as well as MANCOVA were used to detect differences among stations in seston proportions and concentrations in the seven size classes. Seasonal seston concentrations within size classes were normally distributed (Kolmogorov-Smirnov test, P > .05) (Zar 1974) and were not transformed. The arcsine transformation was applied to the seston proportion (percent) data (Zar 1974) . Twenty-eight univariate, one-way ANCOVA's were performed to determine if each variable differed significantly among stations. All significant variables (P < .05) were used in the MAN-COVA, which accounts for all of the dependencies among the variables (Morrison 1976) . Partial correlations among the remaining 15 variables (with effects of stations and time removed) were also calculated (Morrison 1976) .
Discriminant analysis is the final summarization of MANCOVA. The discriminant function (DF) is the best linear (additive) artificial variable (a combination of the original variables) for maximizing the difference 
RESULTS AND DISCUSSION
Seston concentrations Nonstorm POM concentrations expressed as ashfree dry mass ranged from 0.53 to 3.68 mg/L for all stations (Table 2) . All values were well within the range reported for a wide variety of streams (Webster et al. 1979) . Only station B showed any significant difference from other stations. When it was excluded from analyses there were no significant differences among remaining stations. Values for station B were generally higher than all other stations, and this may be attributable, in part, to the necessity of sampling a narrow, swift reach below a culvert where some resuspended bedload could have been collected. There were significant seasonal trends in seston concentrations (P < .05). These differences were partly a function of length of time since a major storm. July 1978 and June and August 1979 had higher AFDM concentrations than September and December 1978 and March 1979. December and March samples were collected on falling hydrographs following major storms, and the September samples followed major storms in late July and August 1978. A number of authors (see Webster et al. 1979 ) have shown that falling hydrographs following major storms result in low POM concentrations, and we have seen the same in Dryman Fork (see "Effects of floods" below). Although the June 1979 samples were taken during a period of declining discharge following an April storm, they were not immediately following the storm. Similar conditions existed during the August 1979 samples. The July 1978 samples were taken during a period of steady low flow.
No significant correlations existed (P > .15) between organic seston concentrations and stream power at any station of Dryman Fork, and other attempts to relate POM concentrations to stream power have generally been unsuccessful (Sedell et al. 1978, Naiman and Sedell 1979a) . As pointed out by Bilby and Likens (1979) and Gurtz et al. (1980) , POM concentrations at a given site are extremely dependent on whether samples are collected on rising, falling, or stable hydrographs, as well as the interval between storms.
Inorganic material composed the majority of the particulate load at each station, and showed no longitudinal or seasonal trends (Table 2) . Mean percent ash (with 95% ci) was 61.6 ± 3.3% at A; 73.8 ± 2.7% at B; 65.8 ± 3.8% at C; 64.5 ± 3.0% at D; 59.9 ± 1.9% at E; and 71.0 ± 2.6% at F. There was a significant (P < .02) relationship between organic and inorganic seston concentrations at each station (Table 3) . 28.0 ± 4.0 35.2 ± 3.1 35.4 ± 4.2 * Significant seasonal differences exist (P < .05).
I
Composition by particle size
The average percentage composition by size class over the entire study period for both AFDM and ash is shown in Table 4 . There were some seasonal differences among stations in percent composition, and size classes in which this occurred are denoted by asterisks in Table 4 . These differences were related to discharge. The smaller size fractions, UF AFDM%, UF Ash%, and VF Ash%, were generally higher during low flow conditions, whereas S AFDM%, F Ash%, and ML Ash% were greater during higher flows.
Previous published North American studies of seston particle sizes along stream gradients and through various stream orders apparently have not distinguished any significant downstream changes (Sedell et al. 1978, Naiman and Sedell 19790) . In Fig. 2 we have plotted cumulative % AFDM against the lower limit of each size class in <j > units (<f> = -Iog 2 of particle size in millimetres), as have the above authors. However, we question whether one should not plot cumulative percent against the geometric midpoints of each size class rather than the lower limits because: (1) the material within a given size class is distributed throughout the class, and (2) the relationship between percent composition and size class is logarithmic. Therefore the geometric midpoint may provide a more accurate reflection of mean particle size and particle distribution than that obtained using the lower limits of the size classes. Fig. 2 suggests a general downstream decline in mean particle size below station B, a trend apparently not observed by Sedell et al. (1978) or Naiman and Sedell (1979a) . Annual mean particle sizes at each station were: A = 60.4 ju,m; B = 72.8 /urn; C = 58.3 /Am; D = 49.0 /im; E = 47.4 /Am; and F = 43.9 /Am. The particle sizes of these southern Appalachian streams were much larger than those reported for other streams by Sedell et al. (1978) and Naiman and Sedell (1979a) . Gurtz et al. (1980) also found larger particle sizes in another undisturbed Coweeta stream. Particle sizes in the latter study were similar to those of Dryman Fork. One potential discrepancy is the difference in size classes used by Sedell et al. (1978) and Naiman and Sedell (1979a) . Their smallest class ranged from 0.45-53 /Am, which represented over 70% of the total seston concentration. Extending a line from 100% (total cumulative percent) down to a point of about 20% at 53 /Am (Fig. 2) will skew the curve to the right and give a lower value for mean particle size. We have included annual particle size distribution from the Sa- vannah River (Cudney and Wallace 1980) in Fig. 2 to illustrate this point. These latter data were collected with the same equipment used in Dryman Fork. The Savannah data show that >80% of the particles are <25 /nm in this 7th order river, and we emphasize the following points: (1) Equipment used in Dryman Fork failed to separate adequately >80% of the Savannah River seston, and much more emphasis needs to be placed on separation of smaller size classes; and (2) It is tenuous to assign the mean particle size of the Savannah seston to the 0.45-25 /xm (UF) class based on the point at which the cumulative distribution curve is crossed by the 50% line (<t> = 7.6, or 5.1 /am), because the distribution of UF material has not been adequately assessed, and we do not know the shape of the curve. This suggests that similar size classes are not suitable for all localities to achieve adequate characterization of seston particle sizes. To evaluate adequately the complete spectrum of seston particle sizes more emphasis should be placed on smaller size classes in which the majority of material is found. The latter may be especially important in determining the quantity of UF seston available to filter feeders, since many fine-particle filterers feed extensively on the smaller seston size classes (e.g., Wallace and Merritt 1980) . One of the major problems associated with data as presented in Table 4 and Fig. 2 is detecting significant trends among stations. To detect such trends data were analyzed with respect to AFDM (milligrams per litre), Ash (milligrams per litre), percent compo'sition of total AFDM, and percent composition of total Ash, for each of seven size classes, yielding a total of 28 variables.
Of these 28 variables tested using one-way AN-COVA, 7 showed insignificant differences among stations and were not used in further analyses. The sig- Table 6 . A positive coefficient indicates an increase in the value of the original seston variable as the value of the DF increases to the right, while a negative one indicates an increase to the left as the value of DF declines. Vertical separation of the points is merely for clarity. The horizontal axis is unitless since only the relative position of the stations is important.
nificance associated with 6 of the remaining 21 variables was due solely to station B where we encountered problems sampling below a culvert (see above); hence these 6 also were deleted from further analyses. Table 5 summarizes the results of ANCOVA and Duncan's multiple range tests for the remaining 15 seston variables. While these results are preliminary to further multivariate procedures, they present considerable information. Some variables, e.g., UF Ash%, clearly differ among stations to a greater extent than others, e.g., C AFDM%. However, when inspecting Table 5 , one must remember that the variables are not independent. Multivariate analysis has been used to deal with these intercorrelations and demonstrate how the stations differ with respect to all 15 variables. Discriminant analysis, the final summarization of MANCOVA, yields a discriminant function (DF) which is the best linear combination of the original variables maximizing the difference among stations. The simple correlation of each original variable with the DF reveals the relative ability of each variable to separate stations (Table 6 ). Although some of the correlation coefficients are low (absolute value), only significant variables were used in the multivariate analysis, so all contribute to some degree to separation of stations.
Concentrations and proportions of all C, VF, and UF materials were positively correlated with the DF, while all other variables in the remaining size classes had negative correlation coefficients (Table 6 ). Re-examination of Table 5 shows that in general, seston variables positively correlated with the DF increase downstream, while those with negative coefficients decrease, e.g., UF AFDM% and S AFDM%, respectively. This suggests that physical and/or biological processing of L, ML, S, and F particles to VF and UF materials occurred downstream. Additional support for this is provided by the significant (P < .02) nega- live partial correlations (station and time effects removed) between UF AFDM% and both S AFDM% and F AFDM%. Partial correlation coefficients of VF Ash% and UF Ash% with L Ash%, ML Ash%, S Ash%, and F Ash% were also significantly negative (P < .01). Patterns of longitudinal change in these inorganic materials also paralleled their organic counterparts (Table 5) . Coarse AFDM% had a low positive correlation with the DF and showed a tendency to increase downstream (Tables 5 and 6 ). Naiman and Sedell (1979a) observed a similar trend in several Oregon streams, and this may be related to the greater retention capabilities of small lower order streams (see Table 1 ). Fig. 3 summarizes the results of the discriminant analysis. This graph shows the mean discriminant function scores (with 95% ci) for each station. Clearly the stations are arranged in a downstream sequence based on differences in these 15 variables, a sequence which supports our interpretation of material processing and retention occurring in this stream system.
CPOMIFPOM ratio
Among all organic and inorganic size classes >43 /urn, C AFDM% was the only one to demonstrate a positive correlation with the DF (Table 6) , indicating a downstream increase (Table 5) . Naiman and Sedell (1979a) attributed a similar phenomenon in Oregon streams to more retention devices and less stream power in lower order streams. One problem in comparing our data with that of the above authors is that our CPOM represented material >5 mm, while theirs incorporated all material >1 mm. We have combined our large (L, 0.864-5 mm) and coarse (C, >5 mm) AFDM's to facilitate comparison of CPOM/FPOM ratios at each station across all seasons with the data of Naiman and Sedell (1979a) (Fig. 4) . The data suggested a tendency for CPOM/FPOM ratios to increase downstream; however, they were extremely variable, and the ratios were not significantly different among stations. However, the CPOM/FPOM ratio may be different during storms (see "Effects of storms" below). Seasonal differences in the ratio were evident, with higher values during December 1978 and March and June 1979, but no consistent differences among stations occurred within any season.
Sampling considerations
The results presented above raise two important questions about seston sampling programs: (1) What are the consequences of using the same sampling equipment, techniques, and size classes in streams of different orders and locations? (2) Is it appropriate to sample different seston size classes using the same number of samples and sample volume? We have discussed the former question above and will now address the latter. Elliott (1977) has pointed out that different species of benthic invertebrates have different spatial distributions within the same habitat, and we believe that the distributions of materials in various seston size classes are somewhat analogous to this. Even if the underlying distributions of each size class are similar (e.g., normal or contagious) their relative variability may differ. Table 7 contains the coefficients of variation (CV) of the seston AFDM's in each size class for samples taken at each station. The two largest size classes, C and L, clearly had the highest CV's, while VF and UF had the lowest. Seasonal trends were similar to this annual pattern. These data suggest that greater sampling effort (either number or volume of samples) may be required to measure accurately the larger, more variable size classes.
The seven seston size classes may be separated into two groups (Table 7) : (1) C, L, and ML which were sampled using Miller high speed plankton tow nets filtering 800-2200 L of water, and (2) S, F, VF, and UF which were sampled using 4-22 L of water. Within each group there is a downward trend in the CV with decreasing particle size ( Table 7 ). The variability in the C and L was especially striking, considering that sample volumes for these size classes were generally lOOx greater than volumes for the S through UF. Thus although greater sampling effort is necessary to improve estimates of these larger materials, one must consider the specific research objectives as well as how much time and effort should be allocated to sampling larger size classes which usually represent <8% of the total suspended POM.
Dissolved organic carbon (DOC)
On all dates there was an increase in DOC concentration from the spring source to station C. The most rapid increase was observed in the first 50 m of the stream from the spring seep to station A. Similar increases in DOC in spring seeps have been reported by Kaplan et al. (1980) for streams in Pennsylvania. From stations C-F the change in DOC concentration was less consistent. The mean carbon concentration for all sample dates was 0.286 mg/L at the spring, 0.572 mg/ L at A, 0.746 mg/L at C, and 0.711 mg/L at F. Concentrations were highest in June and lowest in March. These seasonal and longitudinal patterns of DOC concentrations are similar to patterns observed on other The separation of dissolved and particulate organic matter in streams is arbitrary, for there is a continuum of particle sizes from small molecules that are clearly dissolved to high molecular mass (MM) compounds and colloids that may flocculate to form tiny particles (Lock et al. 1977) . Furthermore, DOC is readily incorporated into particles through both biological uptake and chemical sorption. It is probably an energy source for the microbial colonists of seston which enhance seston food quality. Biological activity along the river continuum is hypothesized to cause a reduction in seston size, but its effect on DOC is predicted to be an increase in molecular size as the more labile low MM compounds are removed, leaving behind the more refractory high MM compounds (Vannote et al. 1980) . The data from Dryman Fork lend support to this hypothesis.
The downstream increase in DOC appeared to be due to an increase in the higher MM, presumably more refractory, fractions (>10000). In both March and August 1979 samples, the concentrations of DOC < 10 000 MM (=0.2 mg/L) did not change downstream; thus the relative contribution of low MM compounds to total DOC declined from 80% at the source to -35% at station F. In contrast, the late October 1979 sample showed approximately a tripling in concentration of low MM compounds downstream (from <0.14 mg/L at the spring to 0.46 mg/L at station F). There was considerable leaf fall at this time and the amount of litter in the stream was increasing (e.g., Fig.  5 ). Low MM compounds would be rapidly leached from freshly fallen leaves. This large input of labile DOC may have exceeded the uptake capacity of the system, producing the observed downstream increase in low MM compounds.
Both seston and DOC data were available for four sampling dates. Assuming an organic seston carbon content of 45% (Whittaker and Likens 1973), the DOC/ POC (particulate organic carbon) ratio can be calculated. The mean DOC/POC ratio over all dates and stations was 1.01, although there was considerable spatial and temporal variation (Fig. 6) . No consistent longitudinal pattern in this ratio is evident in data for other North American streams (Moeller et al. 1979 ). The lowest ratios were observed at all stations during August 1979, when inputs of allochthonous particles are minimal and biological uptake of DOC should be maximal. The DOC/POC ratios for Dryman Fork were fairly low, but within the range of values reported for other North American streams (Moeller et al. 1979) .
Effects offloads Most of the sampling periods in this study occurred during low flow conditions or following a major storm as in December 1979 (Fig. 7) . These periods covered intervals when seston concentrations are minimal (Webster et al. 1979 ). However, we did sample at station F during the first major storm following leaf fall on 17-18 November 1978 (Fig. 7) . During the rising hydrograph, at 1730 on 17 November, AFDM seston concentrations reached 22 mg/L, and on the falling arm the following day they declined to 0.84 mg/L by 1220.
Thirty minutes prior to peak discharge on 17 November (1730), POM concentrations were «17.6x that of September samples. There was an increase in concentrations of all particle sizes during this storm, and larger particles increased proportionately more than finer ones (Fig. 8) . The mean particle size in transport prior to peak discharge (1730) was =100 fjun (<£ = 3.3), vs. 37 /Jim (<t> = 4.7) in September (Fig. 8) . This may be attributed, in part, to washout of fine material well before peaks of storm hydrographs (Bilby and Likens 1979) . Fourteen hours after peak discharge (1010, 18 November) POM concentration was 5% of that prior Coarse and large size classes were combined during the storm. Arrows on the abscissa indicate minimum particle sizes for each size class; note that abscissa units change from millimetres to micrometres.
to the peak, and mean particle size had declined to 81.1 fan (</> = 3.6). Sharp declines in POM concentrations following storms are well documented for many streams (see review by Webster et al. 1979) , and have been attributed to "washout" effects. By 16.5 h after peak discharge, POM concentration measured as ashfree dry mass had dropped to <4% (0.84 mg/L) of that prior to peak discharge, larger particles had declined more rapidly than finer ones, and the mean particle size was 53 /u,m ($ = 4.2) (Fig. 8) . This latter particle size was identical to that of the December samples which also followed a major storm (Figs. 7 and 8 ).
Benthic CPOM/Suspended CPOM ratio
Mean standing stock of benthic CPOM >5 mm (measured as ash-free dry mass in grams per square metre) generally decreased downstream in Dryman Fork (Fig. 5 ). There were also seasonal differences which were associated primarily with autumn leaf fall. The standing stock of benthic CPOM was generally the inverse of CPOM >5 mm in transport. That is, CPOM transport generally increased downstream (Fig. 3) whereas coarse benthic detritus was highest upstream (Fig. 5) . These results are very similar to those of Naiman and Sedell (1979&) in Oregon streams and Bilby and Likens (1980) (P < .01) between this ratio and stream order (r 2 = .97) and mean annual stream power (r 2 = .95) (Fig. 9 ). Naiman and Sedell (1979a, b) and Webster and Patten (1979) have pointed out that headwater streams retain most of their CPOM inputs while exporting FPOM (<1 mm). Webster and Patten attribute this phenomenon to invertebrate processing, and Naiman and Sedell (1979a) suggest that POM must be generated rapidly and continuously in headwater streams. J. B. Wallace et al. (personal observation) have shown that treatment of a first-order Coweeta stream with an insecticide (methoxychlor) reduced aquatic insect densities to <10% of an adjacent first-order stream. Breakdown rates of leaf detritus and downstream transport of FPOM were significantly lower in the treated stream, which suggests that invertebrates have a major role in detritus breakdown and subsequent transport of smaller particles. Thus the combination of CPOM retention and size reduction by headwater stream invertebrates performs an extremely important role in mediating energy flow to downstream communities.
The general reduction in shredder densities in fourth-order streams has been attributed primarily to reduced CPOM inputs (Cummins 1975 , Vannote et al. 1980 . However, the discriminant analysis (Table  6) and Benthic CPOM/Suspended CPOM ratios suggest that this general reduction of shredders may be caused, in part, by lower CPOM retention in fourthorder streams, since input from upstream sources (i.e., coarse seston) did not decline with increasing stream order. Bilby and Likens (1980) reached similar conclusions for New Hampshire streams.
Food quality A number of studies (e.g., Cummins 1979, Wotton 1980) have suggested that microorganisms constitute an important portion of the diet of "collectors." Adenosine triphosphate (ATP) measurements have been used to assay microbial community biomass (Holm-Hansen and Booth 1966) . Ward and Cummins (1979) found that growth of the midge Paratendipes albimanus (Meigen) (Diptera: Chironomidae) was positively related to detrital ATP levels and bacterial respiration rates, whereas total nitrogen, C/N ratios, and detrital organic content were not significantly associated with differences observed in laboratory growth rates of P. albimanus.
To estimate food quality of different seston size classes we measured their adenylate content (ATP and total adenylates [AXP]) during March and August 1979. The ATP and AXP content of seston was highly variable, both within and between seston size classes (Table 8) . With the limited number of samples analyzed, we were unable to detect any consistent seasonal or downstream trends in ATP or AXP; hence for purposes of this analysis, data from both dates and all stations were combined to compare microbial biomass in different seston size classes.
The ATP content observed (Table 8) was within or slightly above the range of values reported by Ward and Cummins (1979) in their laboratory growth studies. The ATP content of Dryman Fork seston greatly exceeded values reported for natural detritus in a Michigan stream (Ward and Cummins 1979) , but was less than ATP content of decomposing oak and hickory leaf packs (Suberkropp and Klug 1976) .
Both ATP and AXP were greater in the two smaller size classes and lower in the larger classes. The two smallest classes (VF and UF) had significantly higher ATP content (P < .05) than the three largest classes (C, L, and ML). In contrast, the two largest seston size classes had the highest percent organic matter (Table 8 ). In general, the variance in ATP content was greatest in the larger size classes; had we not removed obvious drifting invertebrates, that variance would have been greater. The same general trends were apparent in total adenylate content (Table 8) , and ATP or AXP per gram dry mass, but due to higher variance the differences were not significant. In March 1980, ATP content of seston samples from a clearcut CO- weeta watershed was also highest in the smallest size classes (R. Edwards and C. Tate, personal communication). The smallest seston size classes are also the most abundant (see above); hence most of the suspended microbial biomass is associated with the smallest materials. For the seston samples in Table 8 , 61 ± 13% (95% ci) of total seston ATP was in the two smallest size classes.
Since there was no apparent relationship between ATP content and percent organic matter (Spearman's rank correlation, r s = -.61, P > .1), and there was a significant negative relationship between ATP content and seston particle size (r s = -.96, P < .01; Table 8), this suggests that greater microbial biomass on smaller particles may be due to increased surface area for colonization. Compacted fecal particles of collector-gatherers, which are generally §50 /wn (Ladle and Griffiths 1980) , may also have high bacterial densities Sedell 1979, Wotton 1980) . A similar inverse relationship between particle size and respiration rate (i.e., microbial activity) has been observed with benthic sediments (Hargrave 1972) , although Naiman and Sedell (1979a) did not observe it with stream seston. However, J. Brock (personal communication) found much higher respiration rates in the smallest size classes (0.45-53 /am) of suspended POM in the Amazon River, which agrees with our ATP data. Preliminary direct counts of bacteria (Daley and Hobbie 1975) in whole water samples from Dryman Fork demonstrated that most bacteria were attached to particles rather than free in the water (J. B. Wallace, personal observation), in contrast to what is frequently ob-served in the ocean (e.g., Azam and Hodson 1977) and in lakes (e.g., Porter and Feig 1980) . One potential source of error associated with the data in Table 8 is that the wet sieving procedure may dislodge attached microbes that are then concentrated in the smallest size class. If this were occurring we would expect to see consistently low values in the large size classes and the highest in the UF class; instead we see occasional high microbial biomass in the larger class, and the VF frequently had higher ATP than the UF.
The results indicating high microbial biomass in the smallest size class have important implications for filter-feeding organisms. Those animals exploiting the smallest suspended particles in Dryman Fork, (e.g., Simuliidae (Diptera), Philopotamidae (Trichoptera), and certain Chironomidae such as Rheotanytarsus spp.), and showing little selectivity other than small size (e.g., Wallace and Merritt 1980) , may be feeding on the most nutritionally consistent and abundant component of the seston. Conversely, many large-particle feeding Hydropsychidae (Trichoptera) appear to employ selective feeding tactics (Benke and Wallace 1980, Georgian and in a seston size range where the potential food resource appears to be more nutritionally variable.
CONCLUSIONS
This study was intended primarily to assess transport and availability of organic matter to filter feeders in Dryman Fork, and not total annual export encompassing all flow conditions. The latter would require much more intensive sampling on rising and falling hydrographs associated with storms. However, we feel that the data do allow some comparison with other seston transport studies. Our data on longitudinal changes in seston particle size and DOC concentration and molecular mass in Dryman Fork fit trends hypothesized by the river continuum concept (Vannote et al. 1980) , whereas Naiman and Sedell (1979a) concluded that their seston data did not. Part of the problem lies in the manner in which Vannote et al. state predicted changes, which is as follows: "As a consequence of physical and biological processes, the particle size of organic material in transport should become progressively smaller down the continuum (reflected by the CPOM/FPOM ratio in [their] Fig. 2 , except for localized input of lower order tributaries), and the stream community response reflect progressively more efficient processing of smaller particles." The problem associated with the above statement is that changes in the CPOM/FPOM ratio and changes in particle size are not necessarily dependent. It is possible for a stream to have more suspended coarse material than another and also have a smaller mean particle size in transport. For example, the CPOM/ FPOM ratios for Dryman Fork stations A and F were 0.045 and 0.115, respectively (Fig. 4) . However, the mean particle size at station A = 62 /urn vs. 44 //.m at station F (Fig. 2) . Naiman and Sedell (1979a) conclude that the CPOM/FPOM ratio increases between stream orders 1-7. Viewed in the context of their particle sizes (>1 mm as CPOM and 0.45 /n.m-1 mm as FPOM) our data suggested similar trends. However, Sedell et al. (1978) and the above authors were apparently unable to detect any significant downstream differences among stations with respect to changes in mean particle size. We feel that their results, in part, may be attributed to the smallest size class generally analyzed in their studies, 0.45-53 /urn, which contained >70% of all POM. We would probably have failed to detect changes in nine of the 15 variables listed in Tables 5  and 6 if we had used their 0.45-53 /u,m size class as our smallest in Dryman Fork. Failure to separate adequately the majority of the FPOM into different size classes may hide downstream changes in mean particle size occurring within this size class.
Our data support the hypothesis that suspended POM is generally processed to smaller particle sizes downstream in Dryman Fork, as Vannote et al. (1980) proposed. Conversely, suspended CPOM/FPOM ratios may increase downstream as noted by Naiman and Sedell (I979a) . The higher CPOM/FPOM ratios at higher order stations of Dryman Fork are attributed to increased CPOM transport and less CPOM retention in these sections of the stream. The lack of CPOM retention is reflected in the Benthic CPOM/Suspended CPOM ratio which declines downstream. Consequently, we view the potential downstream reduction in mean suspended particle size as a phenomenon that should be separated from CPOM/FPOM ratios.
We suggest that more emphasis needs to be placed on separation of smaller seston size classes (=<50 /urn) which contain the great majority of suspended POM. Failure to separate this material may prevent detection of downstream changes in mean particle size. It would probably be wise to obtain preliminary data on the seston particle size distribution before selecting size classes when designing a seston sampling program for a given stream. The individual size classes should be selected in a manner that insures no single class generally contains >30-^40% of the total suspended POM.
